Metabotropic glutamate receptors play major roles in the activation of excitatory synapses in the central nerve system. We determined the crystal structure of the entire extracellular region of the group II receptor and that of the ligand-binding region of the group III receptor. A comparison among groups I, II, and III provides the structural basis that could account for the discrimination of groupspecific agonists. Furthermore, the structure of group II includes the cysteine-rich domain, which is tightly linked to the ligand-binding domain by a disulfide bridge, suggesting a potential role in transmitting a ligand-induced conformational change into the downstream transmembrane region. The structure also reveals the lateral interaction between the two cysteine-rich domains, which could stimulate clustering of the dimeric receptors on the cell surface. We propose a general activation mechanism of the dimeric receptor coupled with both ligand-binding and interprotomer rearrangements.
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crystallization ͉ cysteine-rich region ͉ ligand binding ͉ G protein-coupled receptor T he metabotropic glutamate receptor (mGluR) is a G proteincoupled receptor (GPCR) that transduces extracellular (EC) signals into G protein activation through biomembranes. The mGluR molecule belongs to family C, which includes the GABA B receptor, the calcium-sensing receptor, and some taste and pheromone receptors (1) . The family C GPCR protomer has a large EC region that recognizes a specific ligand molecule. L-glutamate (Glu) is a principal excitatory neurotransmitter in the central nerve system, where glutamate receptors play an essential role in regulating synaptic activity. The mGluRs are categorized into three groups, which comprise eight subtypes (2, 3) . Each of the groups has a specific regional distribution in the brain and displays a distinct pharmacological profile. Therefore, structural information about the receptor-ligand interaction is essential for drug development.
An mGluR protomer consists of three distinct regions: the EC, transmembrane (TM), and intracellular regions (Fig. 1A) . The EC region is further divided into two parts: the N-terminal ligandbinding region, which is frequently called the ''Venus flytrap module,'' and the cysteine-rich (CR) domain, which intervenes between the ligand-binding and TM regions. Previously, we reported the crystal structures of the ligand-binding region of group I mGluR subtype 1 (mGluR-I 1 ) (4, 5). The structures revealed that dimeric molecules could undergo quaternary structure changes, depending on the bound ligands. Furthermore, we proposed that the structure is in dynamic equilibrium, where the ratio between the active and resting conformations is modulated by the presence/ absence of ligand. In response to our structural analyses, the initial activation mechanism of mGluR has been investigated by several biochemical methods (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . However, many issues still remain unresolved. In particular, the absence of structural information about the CR domain obscures the concrete and conformational views of the coupling mechanism between the ligand-binding and TM regions.
Here we report the crystal structures of the entire EC region of the group II mGluR subtype 3 (mGluR-II 3 ), complexed with various agonists. This x-ray analysis revealed the structure of the CR domain, which is unique to the family C GPCRs (16) . We also describe the crystal structure of the ligand-binding region of the group III mGluR subtype 7 (mGluR-III 7 ). A comparison among the known mGluR structures, including those of mGluR-I 1 , provides a structural basis for the discrimination of the group-specific agonists. Furthermore, the crystal structure of the group II receptor reveals interaction between the two CR domains, thereby tying up the two adjacent dimeric receptors with the R-conformation. Finally, the activation mechanism caused by both ligand-binding and receptor clustering is proposed, in accordance with the various agonist/antagonist-bound mGluR structures and previous experimental results.
Results
Overall Architecture of the mGluR-II3 EC Region. The crystal of the EC region contains two protomers in the asymmetric unit. Because of the noncrystallographic two-fold symmetry in the dimer, their internal structures are essentially identical. The overall architecture of the dimer complexed with Glu is shown in Fig. 1B . The N-terminal part (residues 25-508) consists of the ligand-binding region. Its general architecture is similar to that of mGluR-I 1 (4) and is divided into two domains, LB1 and LB2 (Fig. 1 A) . Because the bound agonist intervenes between the two domains (Fig. 1B) , the entire ligand-binding region adopts the closed conformation (4) . Although the agonist is bound to both of the protomers, the interprotomer interface resembles that of the R-conformation observed in mGluR-I 1 complexed with an antagonist (5), rather than that of the A-conformation for the agonist-bound form (4) . Therefore, the overall conformational state is designated as closedclosed/R, which was not observed in the previous analyses (4, 5) .
CR Domain. The present structure includes the CR domains (residues 509-575) at the C terminus, which is followed by the TM and intracellular regions in the full-length receptor ( 
A).
The structure of the CR domain ( Fig. 2A) contains three ␤-sheets, each composed of two short, antiparallel ␤-strands. This domain possesses nine cysteine residues, which are all strictly conserved among the family C GPCRs (Fig. 2D) , except for the GABA B receptor. All of these residues are fully oxidized (Fig. 2 A) . The four intradomain disulfide bridges contribute to stabilizing the internal architecture of the domain. In contrast, the remaining cysteine residue (C527) is bound to C240 in the LB2 domain (17) . Notably, the short connection between the C terminus of the structure (E567) and the N terminus of the predicted TM (A577) contains nine residues, which should also restrict the relative position between the two regions. Thus, it is most likely that the CR domain plays a major role in transmitting the conformational change in the ligand-binding domain to the TM region. Furthermore, this domain prevents a direct interaction between the ligand-binding and TM regions, because the distance between the LB2 domain and the C terminus of the CR domain is too far (Fig. 1B) .
The domain architecture could be divided into three modules ( Fig. 2D) , as reported for the TNF receptor (18) . The N-terminal module in the CR domain (C509-I532) significantly deviates from any known structures. Although the structural feature is reminiscent of the B module (18) , the position of the disulfide bridge between C509 and C528 is different from the conserved position in the authentic B2 module. Therefore, we tentatively named this module B2Ј. The other conserved residues are located near the characteristic disulfide bond (Fig. 2 A) . The hydroxyl group of S510 forms a hydrogen bond to the main-chain nitrogen atom of W529, and the large aromatic ring of this residue apparently maintains the local structure by van der Waals (VDW) interactions. The conserved architecture is close to both the interdomain boundary between Q508 and C509 and the interdomain disulfide bond between C240 and C527, implying that the B2Ј module plays an important role in fixing the relative orientation between the CR and LB2 domains. Consequently, the CR domain could amplify the conformational change in the ligand-binding domains and thereby more effectively transmit the signal to the TM region. This role probably accounts for the uniqueness of the B2Ј module in the family C GPCRs.
In contrast, the structures of the middle (P533-M547) and C-terminal (D548-E567) modules are categorized into the A1 module (18) . The crystal packing implies their potential function. In the crystal, the A1 module at the C terminus forms intermolecular contacts at a noncrystallographic two-fold axis (Fig. 2B ). This contact site is composed of T556, D558, G561, and Y563 (Fig.  2C ). These amino acids, except Y563, exhibit weak sequence similarity among mGluRs (Fig. 2D ). This interaction tempted us to envisage a physiological situation in which mGluR may be capable of clustering in a one-dimensional array that cooperatively stabilizes the closed-closed/R structure. The tandem interactions are indeed possible on the cell surface, only when the dimer adopts the closedclosed/R structure [supporting information (SI) Fig. 6 ]. The buried surface area within the two CR domains (517 Å 2 ) is smaller than the standard value for biological interaction (19) . Although the two CR domains may be unable to dimerize in solution, the A1-modulemediated interaction could play a role in regulating the dynamic equilibrium of the EC region (4, 5) on the cell membrane, where molecular diffusion is highly reduced (20) . Alternatively, the A1 module may be responsible for binding to other proteins, as observed for TNF receptor 1 (21) .
Agonist Binding by the Group II Receptor. We have determined the crystal structures of mGluR-II 3 complexed with five different agonists: Glu, (2S,2ЈR,3ЈR)-2-(2Ј,3Ј-dicarboxycyclopropyl)glycine (DCG-IV), (1S,3S)-1-aminocyclopentane-1,3-dicarboxylic acid (1S,3S-ACPD), (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (1S,3R-ACPD), and (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate (2R,4R-APDC). All of these structures were crystallized with essentially identical packing. As a result, their overall structures are basically the same as that shown in Fig. 1B , except for the CR domains in the 2R,4R-APDC-bound form, in which one structure was disordered in the dimer. These agonists were bound in the same interdomain cleft (SI Fig. 7) . The relative positions of the LB1 and LB2 domains are less variable in the agonist-bound forms (data not shown). These fixed open angles strongly suggest that the primary effect of the agonist binding is domain closing, as mentioned previously (4, 5) . Fig. 3 illustrates schematic diagrams representing the agonist recognition by mGluR-II 3 . These agonists share a common structure of an ␣-amino acid with one carboxyl group at the ␦-position. The ligand-binding pocket recognizes these chemical groups in an essentially identical manner. The residues involved in ligand binding agree with the previous mutational studies (7, 8) . Surprisingly, mGluR-II 3 copes with these different agonists by rearranging solvent molecules, instead of altering the protein conformation. The positions of the W 2 and W 3 water molecules in the Glu-and 1S,3S-ACPD-bound structures are occupied by the additional carboxyl group of DCG-IV (Fig. 3 A-C) . Consequently, the hydrogen-bonding network around the ligand is maintained among the three structures. Furthermore, DCG-IV binding would cost less in terms of solvent entropy than the binding of glutamate or 1S,3S-ACPD to form similar hydrogen bonds. In addition, the VDW contact between Y150 and DCG-IV (Fig. 3B ) may also contribute to stabilizing the ligand binding. These interactions agree with the fact that DCG-IV displays higher affinity to mGluR-II 3 than does Glu (22, 23) . Other VDW contacts with Y222 and G302 are observed in the 1S,3S-ACPD-bound form (Fig. 3C) . Considering the lower affinity of 1S,3S-ACPD than that of Glu (22, 23) , the conformation of the bound agonist might be energetically unfavorable. In contrast to the above three agonists, water molecules are invisible in the ligand-binding pockets complexed with 1S,3R-ACPD and 2R,4R-APDC (Fig. 3 D and E) , due to the limited resolution of the x-ray analyses. Although the ␦-carboxyl groups of these two compounds have different stereo configurations from those of the other three, the hydrogen bonds with R68 and K389 are formed but skewed. These configurations may partly explain their lower affinity than that of Glu (22, 23) . In contrast, the invisible water molecules partly contribute to the binding of 2R,4R-APDC, because the agonist could bind to the receptors more strongly than 1S,3R-ACPD (22, 23) . The nitrogen atom in the five-membered ring of 2R,4R-APDC (Fig. 3E ) may be hydrogenbonded with solvent molecules.
The mGluR-III7 Ligand-Binding Region. Fig. 1C illustrates the overall architecture of the ligand-binding region of the dimeric mGluR-III 7 , which lacks the CR domain. The asymmetric unit contains one protomer, which forms the dimer related by crystallographic twofold symmetry. As in the cases of mGluR-I 1 and mGluR-II 3 , the ligand-binding region is divided into two domains ( Fig. 1 A and C) . The structure of each domain is essentially the same as those of the corresponding regions in mGluR-I 1 (4) and mGluR-II 3 (Fig. 1B) . In the crystal, the protomer adopts the open conformation, probably because of the binding of a buffer molecule, 2-(N-morpholino)ethanesulfonic acid ( A structural comparison among mGluR-I 1 , mGluR-II 3 , and mGluR-III 7 suggests that they recognize Glu in a similar manner. To elucidate the recognition mechanism, the closed protomer of mGluR-III 7 was modeled with reference to the closed protomer of mGluR-II 3 by least-square fitting. Fig. 4A represents the ligandbinding pocket with the conserved residues among the three receptors. These residues belong to not only the LB1 domain (R78/68/78, S165/151/159, T188/174/182, and K409/389/407; each residue number represents that for mGluR-I 1 /mGluR-II 3 /mGluR-III 7 ) but also the LB2 domain (Y236/222/230 and D318/301/314). These conserved residues form electrostatic interactions with the ␣-amino acid and ␦-carboxyl groups of Glu in both mGluR-I 1 (4) and mGluR-II 3 (Fig. 3A) . The highly conserved structure strongly suggests that these interactions should also occur in mGluR-III 7 . The mutational studies of the group III receptor confirmed that these residues affect agonist binding (9, 10). 
Discussion
Group Discrimination by mGluR Agonists. Fig. 4A shows the biased distribution of the conserved residues that participate in the agonist binding. The nonconserved residues are located near the entrance of the ligands in the open conformation. Despite harboring the same ligand (Glu), the ligand-binding region of mGluR-II 3 is more closed than that of mGluR-I 1 , because W110 and E292 mutually block further closing (Fig. 4B) . As a result, the ligand-binding pocket is kept open to the bulk solvent through the two channels in the group I receptors (Fig. 4C) . On the other hand, the ligandbinding pocket of the closed mGluR-II 3 is inaccessible from the outside, because of the barrier formed by Y150 and R277 (Fig. 4D) , specific for the group II receptors. These residues are responsible for creating the distinct shape of the ligand-binding pocket. Although a previous homology modeling study proposed that R277 might participate in direct hydrogen-bonding with DCG-IV (8), such an interaction is not observed in the crystal structure (Fig. 3B) . Instead, the residue most likely plays a role in supporting the rigid ligand-binding pocket. A similar effect may be produced by S154 and R189 (7) . In contrast to the group I/II receptors, the LB1-LB2 interface of mGluR-III 7 possesses residues with small side chains (Fig. 4E) . When the closed protomer is modeled with reference to the mGluR-II 3 structure, the ligand-binding pocket is wider and more easily accessible to the bulk solvent than those of the other two. It is apparently difficult for mGluR-III 7 to close the ligandbinding region further, because of the steric hindrance among the residues surrounding the ligand-binding site. Therefore, the widely opened ligand-binding pocket would be unique to the group III receptors. This environment partly accounts for the low affinity of Glu to mGluR-III 7 (24) .
DCG-IV displays high selectivity and potency for the group II receptors (25, 26) . The structural differences between mGluR-I 1 and mGluR-II 3 suggest that the side chain of conserved W110 in mGluR-I 1 blocks the binding of DCG-IV by steric hindrance at the contact position of the agonist with Y150 (Fig. 4F) . Furthermore, the widely opened binding pocket for the group III receptors (Fig.  4E) is unfavorable for binding DCG-IV, because the VDW interaction with Y150 in mGluR-II 3 (Fig. 3B) is absent in the group III receptors.
Implications for Receptor Activation. The mGluR-II 3 EC complexed with various agonists adopts the R-conformation, which appeared in the ligand-free state (4) and the antagonist-bound state (5) for mGluR-I 1 . A comparison of the R-conformations among mGluR-I 1 , mGluR-II 3 , and mGluR-III 7 indicates that the relative position between the LB1 domains is basically identical (SI Fig. 9 ). The hydrophobic residues in the LB1 interface are conserved among the three groups (4), in addition to the invariant local structures (data not shown). Thus, all of the mGluRs potentially perform the A-to-R conversion. Because the clear shift of the C helix in the LB1 interface (5) was not observed in the closed protomer of mGluR-II 3 The structure of the CR domain and its spatial relationships with Each structural model was generated from the atomic coordinates for mGluR-II 3 the ligand-binding region allow us to discuss the connection between the EC and TM region less ambiguously than before (4). We constructed the six structural models of the EC region (Table 1) . Given these distances and the size of the TM region (Ϸ35 Å), estimated from the structure of rhodopsin (27) , these structural models could be classified into two groups. The two TM regions in the dimeric receptor could associate with each other only in the closed-open/A and closedclosed/A conformations. On the other hand, the spacing in the R-conformations is too large for them to associate directly with each other. The two TM regions within an mGluR dimer may not always contact each other, whereas the dimer itself can be retained through the interprotomer disulfide bridge in the EC region (SI Fig.  10 ) (28).
Although we speculated that the A-and R-conformations might represent the ''active'' and ''resting'' states, respectively (4), their actual involvement in receptor activation is still controversial (29) . As a simple interpretation, the closing of the EC region may be sufficient to induce a conformational change in the adjacent TM region, which could be activated in a separated state. However, this idea neglects the A-conformations, despite the functionality of the Gd 3ϩ -binding site (5, 12) . To allocate the roles for both the A-and R-conformations, the original hypothesis proposed in our previous report (4) should be reevaluated (Fig. 5) . The former induces the direct association of the two TM regions, which could activate G protein, whereas they hardly associate in the latter. The structure of the dimeric receptor is likely to be in a dynamic equilibrium composed of the five components (5). The A-to-R transition could In all of these models, the C termini of the EC region (black arrowheads) are anchored to the same position at the corresponding TM. The position is separated by Ϸ12 Å from the N terminus of the first TM helix (white arrowheads). The distance is long enough for the nine residues to connect the two regions in mGluR (black broken lines). Yellow and green spheres indicate the C ␣ atoms of the residues representing loops I (K67; connecting the first and second TM helices) and II (R147; connecting the third and fourth TM helices), respectively. The interatomic distances for I-I (yellow lines) (66 Å in A; 54 Å in R), II-II (green lines) (42 Å in A; 55 Å in R), and I-II (purple lines) (53 Å in A; 53 Å in R) are consistent with the experimental data (13) . The A-to-R transition in the dynamic equilibrium could induce lateral translation of the blue TM, as indicated by the gray arrows.
induce the rearrangement of the TM regions, as suggested by Tateyama et al. (13) (Fig. 5) . It was also reported that the dimeric receptor could be activated by a single protomer closing (14, 15) . These data are consistent with our mechanism, because closing of one protomer is sufficient to induce the A-conformation (4). Furthermore, the intermolecular interactions within the crystal lattice (Fig. 2B) suggest that the closed-closed/R structure represents another structural state that insulates the receptors from equilibrium. Both the A-and R-conformations coexist in equilibrium, even if two protomers in the dimer are fully closed. Excess amounts of the closed-closed/R molecules on the cell surface should cause aggregation of the receptors, which could stabilize the R-conformation. This structural state might be related to the desensitized one, where the receptor responsiveness to the agonists is attenuated. The intermolecular interactions by the CR domains suggest another possibility that a cluster of proteins may cooperatively function for the receptor activation. Interactions with other proteins, including G protein and scaffold proteins, might induce unexpected conformational changes in mGluR. To test these possibilities, further studies of mGluRs are required.
Materials and Methods
The recombinant proteins for the crystallographic analyses were produced with the baculovirus expression system and were purified to homogeneity. The EC region of mGluR-II 3 , whose two glycosylation sites (N414 and N439) were mutated with glutamine, was crystallized in a buffer containing 0.2 M NH 4 H 2 PO 4 (pH 4.9-5.1) and 2.5-5.0% (wt/vol) PEG 6000. Crystals of the ligand-binding domain of mGluR-III 7 were obtained in a mixture of the B2 and C3 buffers in Grid Screen ammonium sulfate (Hampton Research, Aliso Viejo, CA) in a 1:4 ratio. Both of the crystal structures were solved by the molecular replacement method using the atomic coordinates of mGluR-I 1 (Protein Data Bank ID code 1EWK) and were refined to provide the final structures with reasonable crystallographic statistics. Detailed experimental procedures and statistics are described in SI Table 2 and SI Materials and Methods.
